Predicted future changes in air temperature and atmospheric CO 2 concentration ([CO 2 ]), coupled with altered precipitation, are expected to substantially affect tree growth. Effects on growth may vary considerably across a species range, as temperatures vary from sub-optimal to supra-optimal for growth. We performed an experiment simultaneously at two locations in the current range of loblolly pine, a cool site and a warm site, to examine the effect of future climate conditions on growth of loblolly pine seedlings in contrasting regions of the species range. At both sites 1-year-old loblolly pine seedlings were grown in current (local ambient temperature and [CO 2 ]) and predicted future atmospheric conditions (ambient +2 °C temperature and 700 µmol mol −1 [CO 2 ]). Additionally, high and low soil moisture treatments were applied within each atmospheric treatment at each site by altering the amount of water provided to the seedlings. Averaged across water treatments, photosynthesis (A net ) was 31% greater at the cool site and 34% greater at the warm site in elevated temperature and [CO 2 ] compared with ambient temperature. Biomass accumulation was also stimulated by 38% at the cool site and by 24% at the warm site in that treatment. These results suggest that a temperature increase of 2 °C coupled with an increase in [CO 2 ] (predicted future climate) will create conditions favorable for growth of this species. Reduced soil moisture decreased growth in both current and predicted atmospheric conditions. Biomass accumulation and A net were reduced by ~39 and 17%, respectively, in the low water treatment. These results suggest that any benefit of future atmospheric conditions may be negated if soil moisture is reduced by altered precipitation patterns.
Introduction
An increase in temperature has been reported to increase tree growth in most studies (Way and Oren 2010) . This response has been attributed to an increase in growing season length (Bronson et al. 2009 , Hall et al. 2009 ) and/or air temperatures becoming closer to the optimum for photosynthesis (Xu et al. 2007 ). However, a positive response is not universal and two studies reported that an increase in air temperature resulted in a suppression of growth in trees grown near the southern limit of their distribution (Norby et al. 2000 , Wertin et al. 2011 .
Many studies have investigated the effects of elevated [CO 2 ] on tree photosynthesis and growth in a non-water-limited setting, and almost all have reported an increase in carbon fixation and growth with increased [CO 2 ] Wullschleger 1994, Ainsworth and Rogers 2007) . For trees not experiencing water limitation, elevated temperature and [CO 2 ] appear to interact in a positive manner to increase growth. Both A net and photosystem II efficiency increased with exposure to elevated temperature (ambient +1.4 to 6 °C) and [CO 2 ] (>560 µmol mol −1 ) more than with an increase in elevated [CO 2 ] applied alone (Wang et al. 2012 ). An increase in growth temperature substantially increased the positive effect of elevated [CO 2 ] on biomass accumulation of well-watered Eucalyptus saligna Sm. and Eucalyptus sideroxylon A. Cunn. ex Woolls seedlings (Ghannoum et al. 2010a ) and on stem growth of mature Pinus sylvestris L. (Peltola et al. 2002) . However, total precipitation is also likely to change as temperature and [CO 2 ] increase. Each of these factors is likely to not only affect growth on its own, but also to interact with other abiotic factors. Furthermore, the effects on growth of increased temperature and [CO 2 ] and changes in plant-available water may vary across a species distribution.
The positive interactive effect of temperature and [CO 2 ] on carbon fixation and accumulation, though common, is not universal. Light-saturated photosynthesis and net photosynthesis of well-watered E. saligna and E. sideroxylon seedlings increased with an increase in [CO 2 ], but were not affected by an increase in temperature, nor was there an interaction of temperature and [CO 2 ] on photosynthesis (Ghannoum et al. 2010b) . In well-watered Pinus taeda L., elevated [CO 2 ] has been reported to increase seedling A net (Wertin et al. 2010) and branch A net and growth (Teskey 1997) similarly in ambient and ambient +2 °C air temperatures. In well-watered Betula pendula Roth seedlings (Kellomaki and Wang 2001) , and in well-watered and water-limited Betula papyrifera Marsh. seedlings (Ambebe and Dang 2010) elevated [CO 2 ] applied in combination with elevated temperature did not increase biomass accumulation or carbon fixation more than elevated temperature or elevated [CO 2 ] applied singly. Biomass accumulation of Pseudotsuga menziesii (Mirb.) Franco seedlings was not significantly affected by elevated temperature or elevated [CO 2 ] applied alone or in combination (Olszyk et al. 2003 ).
An increase in air temperature is expected to alter precipitation patterns. In the southeastern USA, models predict that the majority of precipitation will occur in more intense events, resulting in less infiltration and more runoff, thereby decreasing plant-available water (Allen and Ingram 2002, IPCC 2007) . Plants generally respond to water stress by closing stomata, which would result in a further reduction in photosynthesis and biomass accumulation. Adams et al. (2009) demonstrated that an increase in air temperature (ambient + 4 °C) shortened the time until drought-induced mortality in Pinus edulis Engelm. In Picea glauca (Moench) Voss, warmer spring temperatures-a period when soil moisture content is typically high-benefited tree growth, while warmer summer temperatures-a period when soil moisture content is typically low-reduced growth, suggesting that the positive effect of temperature is regulated by available moisture (D'Arrigo et al. 2004) . While an increase in temperature and [CO 2 ] tend to have a positive effect on tree growth, the response may vary with changes in soil moisture, which may have a larger effect on growth than either temperature or [CO 2 ].
Elevated [CO 2 ] can cause partial stomatal closure, thereby reducing plant water usage and diminishing the negative impact of a decline in soil moisture on growth (Morison 1993 , Wullschleger et al. 2002 . However, recent studies have suggested that the benefits of reduced stomatal conductance in elevated [CO 2 ] may be offset by other factors. Duursma et al. (2011) reported that tree water use was strongly correlated to root biomass, which increased with exposure to elevated [CO 2 ], and suggested that trees grown in elevated [CO 2 ] might not have lower whole-plant transpiration. However, elevated [CO 2 ] resulted in increased biomass accumulation similarly in well-watered and water-stressed Prunus persica (L.) Batsch (Centritto et al. 2002) and P. taeda trees (Friend et al. 2000) . We are aware of only one study in trees which combined manipulation of temperature, [CO 2 ] and soil moisture. Ambebe and Dang (2010) , in a study of B. papyrifera seedlings, reported that a reduction in A net caused by low soil moisture was mitigated by elevated [CO 2 ] and that elevated temperature did not exacerbate the reduction in A net induced by water stress.
The objective of our experiment was to determine how loblolly pine seedlings would perform in the temperature conditions near the extremes of its range. In this experiment, we grew P. taeda seedlings in closed treatment chambers at two sites, one in the northern (cool site) and one in the southern (warm site) portion of its range. The long-term mean growing season temperature differed by 5.5 °C between these sites. The sites were chosen because they are representative of the coolest and warmest growing season temperatures in the eastern portion of the current distribution of loblolly pine. Seedlings were exposed to four treatments at each site: ambient temperature, ambient [CO 2 ], low soil moisture availability (TC ELEV W LOW ). We tested four hypotheses: (i) in wellwatered conditions, growth of individuals at a location with sub-optimal ambient temperature (cool site) will benefit more from future atmospheric conditions (elevated temperature and [CO 2 ]) than individuals at a location with supra-optimal ambient temperature (warm site); (ii) regardless of location, a decrease in soil moisture will decrease growth in current atmospheric conditions; (iii) at the cool site (sub-optimal temperature), future atmospheric conditions will ameliorate the negative effects of low soil moisture on growth; and (iv) at the warm site (supra-optimal temperature), future atmospheric conditions will exacerbate the negative effects of low soil moisture on growth.
Materials and methods

Experimental setup
One-year-old loblolly pine (Pinus taeda L.) seedlings were grown in 2008 at two sites, separated by 385 km, in Georgia, USA. The sites were located at facilities of the University of Georgia: the Georgia Mountain Research and Education Center at Blairsville, GA (34°87′N, 83°95′W, elevation 574 m) and the Coastal Plain Experiment Station at Tifton, GA (31°29′N, 83°32′W, elevation 108 m). The mean growing season temperature at Blairsville (15.2 °C) is similar to, or cooler, than the mean temperature along the northern boundary of the loblolly pine distribution, even at higher latitudes including Huntsville, AL (19.0 °C); Greensboro, NC (17.5 °C) and Baltimore, MD (16.2 °C). Tifton is located in the southern portion of the species range but not at the range limit. However, it is among the warmest locations in the range, with mean growing season temperature (21.5 °C) similar to locations closer to the southern limit including Pensacola, FL (22.5 °C); Gainesville, FL (22.6 °C) and Hattiesburg, MS (21.7 °C). During this study the difference in mean ambient temperature between the cool site and the warm site was 4.1 °C.
Seedlings were grown in two treatment chambers at each site. Atmospheric treatments consisted of ambient temperature and ambient [CO 2 ] (TC AMB , current atmospheric conditions) or elevated temperature and elevated [CO 2 ] (TC ELEV , predicted future atmospheric conditions). Within each treatment chamber the seedlings were divided into 10 blocks and each block was randomly assigned to either a high (W HIGH ) or low (W LOW ) water treatment (5 blocks each).
The treatment chambers were half-cylinder shaped, with a square footprint, measuring 3.6 m long × 3.6 m wide × 2.4 m high. Chamber frames were constructed of wood and PVC pipe and were covered with poly-film (Boyette and Bilderback 1996) which allows 92% transmittance of light equally across the visible spectrum (6 mil clear GT Performance Film, GreenTek Inc., Edgerton, WI, USA). Chambers were oriented facing south and placed 2.5 m apart. To minimize chamber effects, each chamber was constructed to exactly the same dimensions, air within the chambers was thoroughly mixed with an oscillating fan, and seedlings were rotated within block and blocks within chamber half way through the study.
In each chamber, a differential thermostat (Model DSD-2, Kera Technologies Inc., Mississauga, Ontario, Canada) controlled an air conditioner and electric resistance heater to continuously maintain the target treatment temperatures at ambient (measured outside the chambers) or ambient +2 °C. Chamber [CO 2 ] was measured and controlled with a non-dispersive infrared CO 2 sensor (Model GMT222, Vaisala Inc., Woburn, MA, USA) and a solenoid valve connected to a cylinder of compressed CO 2 . The ambient and elevated [CO 2 ] target concentrations were 380 and 700 µmol mol −1 , respectively. Seedlings were watered using an automated irrigation system and drip emitters (Supertif-PLASTRO, Kibbutz Gvat D. N., Ha'Amakim, Israel). Water treatments were applied beginning in May at both sites. Seedlings in the high water treatment were watered to saturation four times per day; seedlings in the low water treatment were also watered four times per day but given 25% of the amount of water received in the high water treatment. Soil volumetric water content (VWC, v/v) was measured using probes inserted vertically through the soil profile (ECH 2 O EC5 Soil Moisture Probe, Decagon Devices, Pullman, WA, USA). Vapor pressure deficit (VPD) inside the chambers was not measured or controlled. Photosynthetic active radiation (PAR) was measured continuously outdoors and inside one chamber at each site with quantum radiation sensors (Model LI-190SZ, Li-Cor Biosciences, Lincoln, NE, USA). All sensor data (temperature, [CO 2 ], soil VWC, PAR) were averaged and recorded every 10 min with a datalogger (23X, Campbell Scientific, Logan, UT, USA).
One-year-old bare-root loblolly pine seedlings (Georgia Forestry Commission, Atlanta, GA, USA) were planted in February 2008 in 8 l pots in potting medium (Fafard Nursery Mix, Conrad Fafard Inc, Agawam, MA, USA). The seed source was a mixture of open pollinated families from the Georgia Piedmont. A single seed source was used at both sites for this study, which allowed us to attribute the observed growth response to treatment and not genotypic differences. The seed source was from the middle of the species range, located geographically and thermally between the cool and warm sites (mean growing season temperature of the seed source location was 18.5 °C). Average seedling height, basal stem diameter and estimated total biomass at planting were 0.27 m, 3.9 mm and 3.51 g, respectively. Average growing space for each seedling in the chambers was 0.15 m 2 , which provided adequate distance between seedlings throughout the experiment. Each pot was fertilized with ~30 g of 15-9-12 extended release fertilizer (Osmocote Plus #903286, Scotts-Sierra Horticultural Products, Marysville, OH, USA) in March and August and 4.93 mg of chelated iron (Sprint 138, Becker Underwood Inc., Ames, IA, USA) in May and August. In May, ~0.04 ml Imidacloprid (Bayer Advanced 12 Month Tree and Shrub Insect Control, Bayer, Monheim am Rhein, Germany) was applied topically to the soil in each pot to control insect pests.
Environmental conditions
Mean ambient temperature during the experiment, from implementation of the temperature treatments (15 February) until final harvest (6 November at the cool site, 1 December at the warm site), was 16.7 °C at Blairsville (cool site) and 20.8 °C at Tifton (warm site), which were similar to the historical average temperatures at each site (15.2 and 21.5 °C, respectively). At both sites, seasonal mean daily air temperature followed a Effect of predicted climate on P. taeda 849 similar pattern, generally increasing until approximately day 160 and declining after day 260. The greatest temperature differences between the two sites occurred early in the season (February and March: ~6.5 °C), while during the middle of the growing season the temperature difference between the two sites was the smallest (July and August: ~3.6 °C). Average incoming PAR from February to November at the cool site and February to December at the warm site was 37.1 mol m −2 day −1 at both sites.
Averaged across the entire experiment, mean air temperature in the elevated temperature treatments (which were initiated in February at the time of planting) was 2.1 °C above the ambient temperature treatments (P < 0.001). Mean [CO 2 ] in the elevated [CO 2 ] treatments (which were initiated at bud burst) was 270 µmol mol −1 above the ambient [CO 2 ] treatments (P < 0.001). Soil VWC was 45 and 32% in the high water and low water treatments, respectively (P < 0.001). Seedlings grown in the elevated [CO 2 ] treatment had similar soil VWC in the high water (P = 0.07) and low water (P = 0.13) treatments as their counterparts grown in the ambient [CO 2 ] treatment.
Gas exchange measurements
Needle gas exchange measurements were conducted three times during the growing season (26 June-9 July, 3-10 September and 21-30 October) on four seedlings in each treatment combination at each site. Measurements were conducted in situ in the treatment chambers. Different seedlings were measured on each date. Loblolly pine keeps its needles for 2 years. We conducted measurements on current-year foliage, so that all measured foliage had developed in the treatment conditions. Fascicles from the first growth flush were measured in June, fascicles from the second flush were measured in September and fascicles from the third flush were measured in October. All measured fascicles were fully expanded and appeared healthy under visual inspection. Measurements were made on sunny or mostly sunny days.
Net photosynthesis (A net ) and stomatal conductance (g s ) were measured with a portable photosynthesis system (Model LI-6400, Li-Cor Biosciences) with a standard red/blue LED broadleaf cuvette and a CO 2 mixer on a single attached fascicle. Measurements were conducted three times throughout the day (09:00, 12:00 and 15:00 h), each on a different fascicle from the same foliage flush. Cuvette conditions (block temperature, relative humidity, [CO 2 ] and light intensity) were controlled to mimic current conditions in each treatment chamber. Each fascicle was allowed to equilibrate in the cuvette for 5 min before a measurement was recorded. Measured gas exchange values were adjusted to actual leaf area enclosed in the cuvette, which was calculated using the method described by Fites and Teskey (1988) .
Growth measurements
Height (H) and basal stem diameter (D base ) of each seedling were measured at planting and three times during the growing season using a meter stick and a digital caliper (ABSOLUTE Digimatic 500-196-20, Mitutoyo USA, Aurora, IL, USA). At the cool site, measurements were made on 12 February, 11 June, 3 September and 6 November. At the warm site, measurements were made on 14 February, 6 June, 9 September and 1 December. Seedlings were harvested at the end of the growing season (cool site: 6 November; warm site: 1 December). Harvested seedlings were separated into flushes and a single fascicle from each flush was used to determine the specific leaf area (SLA) as follows: The length (L) and radii (R) of each needle in the fascicle were measured. (These, and most, loblolly pines typically have three needles per fascicle.) Leaf area was calculated as
Fascicles were then dried and weighed. Leaf area was divided by dry weight to obtain SLA. Each flush was separated into foliage and stem/branch woody tissue and dried at 60 °C for at least a week and weighed. Estimated total leaf area (LA tot ) for each flush was calculated as the product of foliage mass and SLA for that flush. Roots were hand washed to remove all potting material, dried at 60 °C and weighed.
Statistical analysis
The experimental unit for this study was the seedling. For gas exchange results, there was no treatment × time-of-day interaction at either site on any date so diurnal measurements of A net and g s (conducted at 09:00, 12:00 and 15:00 h) were averaged to obtain daily A net and g s values. To test for significant treatment effects on A net , repeated measures analysis of variance (ANOVA) was conducted with site (two levels), atmospheric (two levels) and water treatments (two levels) and measurement date (three levels) as the fixed effects. Treatment effects on foliage, stem/branch, root and total biomass as well as final number of flushes, estimated total leaf area and average SLA at final harvest were tested with a split-plot ANOVA (Proc Mixed, SAS Institute, Cary, NC, USA). Fixed effects were site, atmospheric and water treatments, with blocking as a random effect. Treatment effects on height and basal stem diameter across time were analyzed using a repeated measures analysis with the fixed effects of site, atmospheric and water treatments, measurement date (four levels) and the block × tree effect being repeated. When interactions occurred we performed tests of simple main effects using the SLICE option in the LSMEANS statement (Schabenberger et al. 2000 , Littell et al. 2006 ).
To test treatment effects (site, atmospheric, water) on patterns of carbon allocation, values of leaf, stem and root biomass for each seedling were natural log transformed and plotted against the natural log of total biomass for that seedling. The natural log transformation was applied to account for differences in plant size (Bongarten and Teskey 1987) . Differences among the slopes of the eight treatment combinations were determined by ANOVA (Proc Mixed, SAS 9.2).
Results
Gas exchange
Net photosynthesis (A net ) tended to be higher in seedlings grown at the cool site compared with the warm site, although this effect varied significantly with measurement date (Figure 1 , Table 1 ). Averaged across all treatments, A net was significantly higher at the cool site compared with the warm site in June (11.4 vs. 9.6 µmol m −2 s −1 , P < 0.001), but not in September (7.9 vs. 6.8 µmol m −2 s −1 , P = 0.060) or October (7.2 vs. 7.7 µmol m −2 s −1 , P = 0.38).
Seedlings grown in the future atmospheric treatment (TC ELEV ) tended to have higher A net compared with seedlings grown in the current ambient treatment (TC AMB ); however, this effect varied significantly with both measurement date and site ( Figure 1 , Table 1 ). In June, A net was significantly greater in the TC ELEV treatment compared with the TC AMB treatment in both water treatments at both the cool (W HIGH : +32%, P = 0.001; W LOW : +26%, P = 0.048) and the warm site (W HIGH : +31%, P = 0.006; W LOW : +59%, P = 0.001). In September, A net was significantly greater in the TC ELEV treatment compared with the TC AMB treatment in high water treatment at the cool site (W HIGH : +46%, P = 0.002) and in both water treatments at the warm site (W HIGH : +66%, P = 0.005; W LOW : +54%, P = 0.029). In October, A net was not greater in the TC ELEV treatment compared with the TC AMB treatment at either site in either water treatment. The effect of the soil moisture treatments on A net was similar across current and future atmospheric treatments (Table 1) . Averaged across both atmospheric treatments, the W LOW treatment reduced A net compared with the W HIGH treatment at both sites in June (cool site: −31%, P < 0.001; warm site: −25%, P < 0.001) and the warm site in September (−28%, P = 0.005). At the other measurement dates, there was no significant effect of the W LOW treatment on A net .
Stomatal conductance (g s ) was significantly affected by measurement date and site, interactively (Figure 2 , Table 1 ). In June, g s did not significantly vary between the cool and warm site (P = 0.15), while in September and October, g s was significantly higher at the cool site (P < 0.001 and P = 0.016, respectively). At the cool site, g s was significantly greater in October than in June or September (P < 0.001), which did not vary (P = 0.67). At the warm site, g s was significantly lower in September compared with June or October (P < 0.001), which did not vary (P = 0.60).
There was a significant effect of atmospheric treatment on g s that was not affected by date, site, date × site or soil moisture Effect of predicted climate on P. taeda 851 Figure 1 . Net photosynthesis (A net ) of loblolly pine seedlings grown at a cool and a warm site in the species range. Treatments were: ambient temperature and ambient [CO 2 ] (TC AMB , white bars); elevated temperature and elevated [CO 2 ] (TC ELEV , gray bars); high soil moisture (W HIGH , no stripes) and low soil moisture (W LOW , stripes). Measurements were conducted in June, September and October. Error bars represent 1 SE. Different lowercase letters depict significant differences among treatments within measurement date (P < 0.05) determined by repeated measures ANOVA. treatment at any date or site (Table 1) . Averaged across all sites and measurement dates, g s was significantly lower in the TC ELEV treatment compared with the TC AMB treatment (0.181 vs. 0.210 mol m −2 s −1 , P = 0.008). The water treatment significantly affected g s at both sites, and varied with measurement date (Table 1) . Averaged across both sites and atmospheric treatments, g s was significantly greater in the W HIGH compared with the W LOW treatment in June (0.248 vs. 0.137 mol m −2 s −1 , P < 0.001) and October (0.265 vs. 0.215 mol m −2 s −1 , P = 0.018), but not September (0.168 vs. 0.142 mol m −2 s −1 , P = 0.11).
Height and diameter
Seedling H and D base were significantly affected by site, atmospheric and water treatments, although these effects appeared at different points throughout the growing season. As expected, in February just after planting, seedling H and D base were the same both between sites and within sites among all treatments. Early in the season, increases in H and D base were greater at the warm site so that by mid-June (the second measurement), seedlings at the warm site were significantly taller and had significantly larger basal diameter compared with seedlings at the cool site (P < 0.001) ( Table 2) . At the June measurement, H and D base were not significantly affected by atmospheric or water treatment at the cool or the warm site. Between June and September, the rate of growth increased substantially at the cool site; however, seedlings were still taller and had larger D base at the warm site in September (P < 0.001 and P < 0.001, respectively). In September, the W LOW treatment began to have a significant negative impact, relative to the W HIGH treatment, on seedling H and D base in both atmospheric treatments at both sites (Table 2) . Averaged across atmospheric treatments and sites, seedling H and D base were ~18% smaller in the W LOW treatment relative to the W HIGH treatment. There was also a significant increase in H and D base in the TC ELEV treatment relative to the TC AMB treatment, though the effect was not consistently observed at every site and in every soil moisture treatment. At the final harvest, seedling H and D base were significantly larger at the warm site compared with the cool site (H: 6%, P < 0.001; D base : 23%, P < 0.001). Averaged across both sites, the W LOW treatment reduced both H and D base by ~21%, relative to the W HIGH treatment (P < 0.001; Table 2 ). This reduction in H and D base was consistent across sites and atmospheric treatments. At the cool site the TC ELEV treatment increased H in the W HIGH treatment and D base in the W LOW treatment relative to the TC AMB treatment, while at the warm site the TC ELEV treatment increased D base in both water treatments relative to the TC AMB treatment.
Biomass
The two strongest determinants of final biomass in this study were site and water treatment (Figure 3 ). Bud burst occurred 2 weeks earlier and daytime temperatures reached 20 °C a month earlier at the warm site compared with the cool site. At the end of the growing season, averaged across all treatments, seedlings grown at the warm site had 54% more biomass (356.4 g) than seedlings grown at the cool site (231.9 g; P < 0.001). The low water treatment reduced final biomass at both sites, with seedlings in the W LOW treatment accruing ~40% less biomass compared with seedlings in the W HIGH treatment at both sites (P < 0.001). Table 1 . Summary of four-way repeated measures ANOVA testing the effects of site, atmospheric treatment, water treatment and measurement date on net photosynthesis (A net ), stomatal conductance (g s ), stem height and basal stem diameter, and three-way ANOVA testing the effects of site, atmospheric treatment and water treatment on end-of-season biomass of plant components, number of flushes, SLA and estimated LA of loblolly pine seedlings. Significant values (P < 0.05) are in bold. Seedlings grown in the TC ELEV W HIGH treatment had 48% more biomass at the cool site (337.7 vs. 228.0 g; P < 0.001) and 22% more biomass at the warm site (517.1 vs. 423.0 g; P < 0.001), compared with seedlings grown in the TC AMB W HIGH treatment, while seedlings grown in the TC ELEV W LOW treatment had 29% more biomass at the cool site (190.8 vs. 148 .1 g; P = 0.052) and 22% more biomass at the warm site (312.7 vs. 255.7 g; P = 0.004) than those grown in the TC AMB W LOW treatment. The TC ELEV treatment did not completely mitigate the reduction in growth induced by the W LOW treatment. Biomass accumulation of seedlings grown in the TC ELEV W LOW was lower than seedlings grown in the TC AMB W HIGH at both sites (cool: 190.8 vs. 228 .0 g, P = 0.085; warm: 312.7 vs. 423.0 g, P < 0.001). Biomass accumulation of seedlings grown in the TC ELEV W HIGH treatment at the cool site (which produced the largest seedlings for that site) was significantly greater than biomass accumulation of seedlings grown in the TC AMB W LOW treatment at the warm site (which produced the smallest seedlings for that site) (P < 0.001).
The response of biomass accumulation of leaf (Figure 3b ), stem ( Figure 3c ) and root tissues (Figure 3d ) to treatments was similar to the response of total biomass accumulation. This similarity is reflected in the patterns of biomass allocation among these tissues, which were not significantly affected by site, atmospheric treatment, water treatment or any combination of factors (data not shown).
Morphology
The number of growth flushes was significantly affected by site and water treatments (Table 1 ). Seedlings at the warm site had, on average, 1.5 more flushes than seedlings at the cool site (5.8 vs. 4.3), while seedlings in the high water treatment had, on average, one more flush than seedlings in the low water treatment (5.6 vs. 4.5; Table 1 ). The TC ELEV treatment increased the number of flushes compared with the TC AMB treatment in two cases: at the cool site in the W HIGH treatment (P = 0.033) and at the warm site in the W LOW treatment (P < 0.001). Specific leaf area was significantly greater at the cool site compared with the warm site (P < 0.001). Within each site, SLA was not affected by any treatment or treatment combination (Tables 1  and 3 ). Estimated total leaf area at the end of the growing season was significantly affected by site and water treatment (Table 1) . Seedlings grown at the warm site had 31% more total leaf area compared with the cool site. Total leaf area was 86% greater at the cool site and 51% greater at the warm in the W HIGH treatment compared with the W LOW treatment. Seedlings grown in the TC ELEV treatment tended to have more total leaf area compared with those grown in the TC AMB treatment at both sites, though the difference was only significant in the W HIGH treatment.
Discussion
Atmospheric conditions
We hypothesized that elevated temperature and elevated [CO 2 ], applied in combination to mimic predicted future atmospheric conditions, would increase growth at a cooler northern site and Effect of predicted climate on P. taeda 853 Figure 2 . Stomatal conductance (g s ) of loblolly pine seedlings grown at a cool and a warm site in the species range. Treatments were: ambient temperature and ambient [CO 2 ] (TC AMB , white bars); elevated temperature and elevated [CO 2 ] (TC ELEV , gray bars); high soil moisture (W HIGH , no stripes) and low soil moisture availability (W LOW , stripes). Measurements were conducted in June, September and October. Error bars represent 1 SE. Different lowercase letters depict significant differences among treatments within measurement date (P < 0.05) determined by repeated measures ANOVA.
reduce growth at a warmer southern site in well-watered seedlings, because we assumed that the temperature conditions were sub-optimal and supra-optimal, respectively, for growth at the two sites. Our findings did not support this hypothesis: at both sites A net and biomass accumulation were significantly greater in future atmospheric conditions compared with current atmospheric conditions (ambient temperature and ambient [CO 2 ]). Possible reasons for this response include (i) that the ambient temperature was sub-optimal for growth at both sites, (ii) the positive effect of elevated [CO 2 ] on A net and biomass accumulation outweighed the effect of any stress imposed by elevated temperature or (iii) the increased temperature in the TC ELEV treatment at both sites had a positive influence on growth. At the warm site, the elevated atmospheric treatment positively affected both A net and biomass accumulation compared with the ambient treatment. A net was higher at the cool site than at the warm site, regardless of the atmospheric treatment, indicating that temperatures at the warm site may have been supra-optimal for A net , which suggests that the larger seedling biomass at the warm site may be attributed to a longer growing season compared with the cool site. Bud burst in the spring is very temperature sensitive (Polgar and Primack 2011) and growth cessation in the autumn is also influenced by temperature (Rohde et al. 2011) . Whatever the mechanism, our findings suggest that future increases in temperature and [CO 2 ] have the potential to increase loblolly pine growth throughout the species range.
The positive effect of the combination of elevated temperature and [CO 2 ] on carbon fixation and biomass accumulation observed in this study is similar to the findings of numerous other temperature × [CO 2 ] studies (e.g., Morison and Lawlor 1999, Wang et al. 2012) . What was interesting in this study was the similarity in the response to elevated temperature and [CO 2 ] between the cool and warm sites because it is often assumed that there will be a decline in photosynthesis and growth with an increase in temperature at locations near the warm limits of a species distribution (e.g., He et al. 2005, Tang and Beckage 2010) . There is some experimental research to support that assumption. An increase in growth temperature (+4 °C) reduced biomass accumulation of Acer saccharum Marsh. seedlings that were grown at the southern limit of the species range. The reduction was mitigated by an increase in [CO 2 ] (ambient: +300 µmol mol −1 ) so that seedlings exposed to both elevated temperature and [CO 2 ] accumulated a similar amount of biomass as seedlings grown in ambient temperature and [CO 2 ] (Norby et al. 2000) . Wertin et al. (2011) reported that elevated temperature (+6 °C) and [CO 2 ] (700 µmol mol −1 ) reduced biomass accumulation by 12% compared with ambient temperature and [CO 2 ] in Quercus rubra L. seedlings grown near the southern limit of the species range. Since in this study we did not observe a negative response to ambient or elevated temperatures at the site near the southern limit of this species distribution, it suggests that the effect of an increase in temperature and [CO 2 ] on growth is likely to vary with species and 854 Wertin et al. Table 2 . Mean (SE) height (m) and basal stem diameter (mm) of loblolly pine seedlings, grown for one season at a northern site (cool site) and a southern site (warm site) in the species range, measured in June, September and at the end of the growing season (6 November at the cool site and 1 December at the warm site). may depend on factors such as the ability to acclimate photosynthesis and respiration to temperature (Ghannoum and Way 2011) , drought (Crous et al. 2011 ) and the response of a species to an increase in [CO 2 ] (Ceulemans and Mousseau 1994) . The distribution of a species is regulated by numerous factors, including temperature, moisture, nutrient availability and competition (e.g., Harlow et al. 1991 , Loehle 1998 ), making it difficult to predict how climate change factors will affect it. For example, Liang et al. (2011) observed that warming at highaltitude tree line increased the population density of Abies georgei var. smithii Coltm.-Rog. but did not affect the position of the tree line. Climate envelope modeling predicts substantial shifts in plant species distributions (McKenney et al. 2007 (McKenney et al. , 2011 , but given the favorable response of loblolly pine to temperature increases at both sites, it is difficult to predict if, or how, its distribution will be affected by future warming.
Soil moisture
We hypothesized that a decrease in soil moisture would significantly reduce A net and biomass accumulation, but that this reduction would be influenced by both site and atmospheric conditions. Compared with effects of site and atmospheric treatments, the low moisture treatment had the largest negative impact on growth. However, in contrast to our hypothesis, the effect of soil moisture on growth was not influenced by site or atmospheric treatment: the low water treatment reduced seedling biomass accumulation to a similar degree (~40%) at both sites in both atmospheric treatments, compared with the high water treatment. An increase in [CO 2 ] has been reported to counteract water stress in trees by decreasing transpiration and Effect of predicted climate on P. taeda 855 Figure 3 . Total, leaf, stem and root biomass (dry weight, g) of loblolly pine seedlings at the end of one growing season (2008) . Seedlings were grown at a cool site and a warm site in the species range. Treatments were: ambient temperature and ambient [CO 2 ] (TC AMB , white bars); elevated temperature and elevated [CO 2 ] (TC ELEV , gray bars); high soil moisture (W HIGH , no stripes) and low soil moisture (W LOW , stripes). Error bars represent 1 SE. Different lowercase letters depict significant differences among treatments (P < 0.05) determined by ANOVA. mitigating water loss (Guak et al. 1998 , Poorter and Perez-Soba 2001 , Centritto et al. 2002 , Leuzinger and Korner 2007 , while an increase in air temperature was reported to significantly exacerbate the impact of water stress in P. edulis (Adams et al. 2009 ). Zhou et al. (2011) In the well-watered seedlings, none of our findings suggest that heat stress was induced by either site location or atmospheric treatments. In addition, the reduction in growth occurred in the low water treatment even in elevated temperature and [CO 2 ] conditions at the cool site, which was a location we assumed to be at a sub-optimal temperature for growth. Instead, our findings are similar to those of a study of E. saligna, in which a drought treatment (applied to maintain consistently low g s ) resulted in a reduction in light-saturated photosynthesis regardless of growth temperature (18 : 26 or 22 : 30 °C, night : day) or [CO 2 ] (280, 400 or 640 µmol mol −1 ) (Ayub et al. 2011 ). In B. papyrifera seedlings, low soil moisture (30-40% field water capacity) eliminated the positive effect of an increase in soil temperature (+10 °C) on A net in both ambient and elevated [CO 2 ] (360 and 720 µmol mol −1 , respectively) (Ambebe and Dang 2010) .
For this study we used seedlings from a single provenance in the central portion of the species distribution. It is possible that different genotypes would have responded to our treatments differently. However, Arend et al. (2011) reported that while provenances of four oak species showed variable response to elevated temperature, the difference was not reflected in adaptation to the climate of origin. Additionally, Teskey and Will (1999) reported that loblolly pine seedlings from Texas, Arkansas and Maryland accrued similar biomass across a range of growth temperatures. There is more evidence supporting adaptation to moisture regimes (Eckert et al. 2010) . Different provenances of P. sylvestris responded differently to low summertime precipitation, but not to an increase (2.5 or 5 °C) in soil temperature (Richter et al. 2012) . It is possible that loblolly pine seedlings from a provenance adapted to more arid environments would have been less affected by low soil moisture than the seedlings used in this study. It is also possible that younger seedlings or older trees would have responded differently than the potted seedlings in their second year of growth in this study. It has been suggested that the effect of elevated [CO 2 ] may diminish as trees age, possibly due to nutrient limitation (Ainsworth and Long 2005) , but the effect of temperature on growth is believed to be conservative across the life of a tree (Way and Oren 2010) . We also suggest that our findings were not likely influenced by the use of potted plants. Will and Teskey (1997) demonstrated that pot size had only a limited impact on belowground biomass allocation for loblolly pine seedlings and Way and Oren (2010) reported that seedlings responded similarly to an increase in temperature, regardless of whether the trees were grown in pots or in the field.
In this study, vapor pressure deficit (VPD) was neither controlled nor measured. It is possible that VPD may have varied between treatment chambers due to temperature treatments and it is likely that VPD varied between sites. However, both water treatments for a given atmospheric treatment were within the same chamber, so it is unlikely that VPD influenced the observed response to soil moisture. It has been reported that loblolly pine photosynthesis and stomatal conductance, at least in the short term, was insensitive to substantial changes in VPD (Teskey et al. 1986 ).
Conclusions
We found that seedling growth responded positively to the combination of elevated temperature and elevated [CO 2 ] across a large spatial and thermal range (345 km north to south, 4.1 °C difference in mean air temperature during the growing season). This result suggests that, for this species, a substantial change in future atmospheric CO 2 and temperature conditions is not likely to result in a negative change in seedling growth for this species. However, the low water treatment significantly reduced biomass production at both sites, indicating that soil moisture availability is a stronger determinant of growth than elevated temperature and [CO 2 ]. The low water treatment partially negated the positive effect of elevated temperature and [CO 2 ] at both the cool and the warm sites, suggesting that elevated [CO 2 ] and temperature, which are expected to increase in concert, will not relieve water stress, but are also not likely to exacerbate it. Our findings suggest that precipitation and the availability of soil moisture will have a greater effect on the growth than atmospheric temperature and CO 2 conditions across the species range. However, the potential change in future precipitation in the southeastern USA is highly uncertain. Our results suggest that if precipitation decreases, low soil moisture is likely to be the dominant environmental factor limiting carbon gain and growth. On the other hand, our results also suggest that an increase in precipitation, along with elevated temperature and [CO 2 ], is likely to provide conditions favorable for the growth of loblolly pine.
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